Aims Connexin43 is present at the inner membrane of cardiomyocyte mitochondria (mCx43), but its function remains unknown.
Introduction
Connexins (Cx) are a family of transmembrane proteins expressed in all chordate animals, 1 the main function of which is to form channels (clustered into gap junctions) which allow direct communication between the cytoplasm of adjacent cells. These channels are formed by the docking of two hemichannels, one from each cell, which in turn are composed of six connexin units. Adult ventricular cardiomyocytes almost exclusively express Cx43, 2 and Cx43-based gap junctions at the intercalated disks are essential for the rapid propagation of the action potential. 3 Cx43 may have other cellular functions independent from its role in gap junctions, 4 ,5 such as the participation in different signalling transduction cascades 6, 7 or the formation of unopposed hemichannels between the cytosol and the extracellular space 4, 8 which contribute to regulating intracellular volume.
Cx43 hemichannels and gap junctions are characterized by a large conductance in their open state, allowing the passage of molecules up to 1.5 kDa, with low voltage dependence. The pore diameter and open probability of Cx43 hemichannels and gap junctions is regulated by complex and incompletely understood mechanisms, 9 ,10 involving phosphorylation and dephosphorylation of the C-terminus of Cx43 which at the sarcolemma is directed towards the cytosolic compartment. Intercellular communication mediated by Cx43 gap junctions is an important element in the pathophysiology of myocardial ischaemia-reperfusion injury, as it allows the synchronization of rigor contracture during ischaemia, 11, 12 cell-to-cell propagation of hypercontracture, and cell death during reperfusion. 13, 14 Cx43 plays an important role in the cardioprotection by ischaemic preconditioning, demonstrated by the failure to protect Cx43-deficient (Cx43þ/2) animals. 15 Although it was first hypothesized that preconditioning exerts its protective effect by reducing cell-to-cell propagation of cell death during reperfusion, the lack of effects of preconditioning on electrical coupling, 16 and the observation that Cx43 was also essential to precondition isolated This article was guest edited by Tetsuji Miura, Sapporo Medical University. cardiomyocytes 17 indicated that the role of Cx43 in the protection of preconditioning is independent from changes in gap junction-mediated communication. 5, 18, 19 Moreover, isolated cardiomyocytes from Cx43-deficient animals showed an impaired ability to generate free oxygen radicals in response to pharmacological preconditioning with diazoxide, 20 a well recognized step in the signal transduction cascade of ischaemic preconditioning. Since mitochondria are important elements in preconditioning, we hypothesized that Cx43 could participate in the preconditioning cascade by modulating mitochondrial function, and provided antibody-based evidence of the presence of Cx43 at the inner membrane of subsarcolemmal mitochondria from cardiomyocytes 21, 22 which has been recently confirmed by other laboratories. 23, 24 Indeed, inhibition of the import of Cx43 to the inner mitochondrial membrane (IMM) with geldanamycin abolished the pharmacological preconditioning with diazoxide. 25 Many potential mechanisms have been proposed by which mitochondria can participate in preconditioning's signalling, 7, 26 many of them include an increase in potassium (K þ ) influx into the mitochondrial matrix. 27 We have now tested whether mitochondrial Cx43 (mCx43) participates in mitochondrial K þ flux. Furthermore, we have established the inner membrane orientation of mCx43 and clarified whether or not mCx43 forms oligomers.
Methods

Animals
Adult male Sprague-Dawley rats (250-300 g) and transgenic mice aged between 14 and 16 weeks (25-30 g) were used in this study. Transgenic Cx43KI32 mice were developed by Plum et al. 28 In these animals, the coding region of the Cx43 gene is replaced by that of Cx32. PCR analysis of DNA extracted from tail samples of mice confirmed the genetic substitution of Cx43. The specificity of the anti-Cx32 antibody was checked in Cx32 knockout mice (provided by Professor Willecke from Bonn, Germany as a gift). Animals were killed with an overdose of sodium pentobarbital according to institutional guidelines approved by the Ethics Committee on Animal Research of the Hospital Vall d'Hebron, Barcelona, Spain, and the Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany. These guidelines conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996).
Mitochondrial preparations
Rat heart mitochondria as well as mitochondria from both wild-type (Cx43 homozygous genotype) and homozygous mutant mice (Cx32 homozygous genotype) were prepared by differential centrifugation 29 (see Supplementary material online). Plasma membrane contamination was removed by additional centrifugation (12 500 g) in 17% percoll buffer. 25 Protein concentration was determined by the Bradford assay.
Connexin content in mitochondria from Cx43KI32 mice
Myocardial membrane extracts enriched with the gap junction fraction were prepared by alkali-extraction. 30 Samples were immediately analysed by western blot using anti-Cx43 and anti-Cx32 antibodies. Plasma Na þ /K þ -ATPase reactivity was assessed to rule out any potential contamination from gap-junctional membranes (see Supplementary material online).
Identification of Cx43 and Cx32 in mice mitochondrial membranes by mass spectrometry
In a first step, mitochondrial membrane preparations from rat myocardium and liver were prepared to obtain specific peptides of Cx43 and Cx32 by mass spectrometry. Mitochondria were isolated and subsequently treated with alkali to obtain membrane extracts as described above. Protein extracts from cardiac mitochondria were subjected to SDS-PAGE separation and the region around 43 kDa was cut and trypsin-digested. 31 The resulting peptides were analysed by HPLC on line with linear ion trap mass spectrometry using the selected MS/MS ion monitoring technique and a combination of scanning modes previously established for highly specific identification of Cx43 in membrane preparations. 31 The same procedure was then used to identify Cx43 and Cx32 in Cx43KI32 mice. Briefly, protein extracts from liver ( Figure 3A -E) and cardiac mitochondria ( Figure 3F -J ) were subjected to SDS-PAGE separation, and the region around 25 kDa was cut and trypsindigested. The resulting peptides from each of the two samples were analysed by mass spectrometry using the same strategy as described above, employing a combination of scanning modes that allow a highly specific identification of two Cx32 peptides (see Supplementary material online).
Analysis of the spatial orientation of mitochondrial Cx43
To investigate whether the C-terminus of mitochondrial Cx43 is directed towards the mitochondrial matrix or towards the intermembrane space, partial or total mitochondrial membrane permeabilization was used in combination with immunofluorescence labelling against the C-terminal domain of Cx43. 32 The change in fluorescence yield of Cx43 labelling with a Cx43 polyclonal antibody induced by mild permeabilization with digitonin was compared with the change in fluorescence produced by a monoclonal antibody directed against the matrix-faced domain of 70 kDa of complex II. Primary antibodies were incubated overnight at 48C and secondary antibodies (Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG) were incubated 1 h at room temperature (see Supplementary material online). To assess unspecific fluorescence, replicates were processed using the same protocol but omitting incubation with primary antibodies (negative controls). Fluorescence was read at 488 nm using a 96-microplate fluorometer (SpectraMax GeminiXS, Molecular Devices).
In situ cross-linking of Cx43 in isolated mitochondria and gap junctions
To determine whether Cx43 polymerizes in mitochondrial membranes, rat heart mitochondria were washed in isolation buffer and resuspended in cross-linking buffer at a final concentration of 5 mg/mL. To cross-link, 10 mmol/L of dimethylsuberimidate (DMS) was added to 1 mg of mitochondria and allowed to react at room temperature for 5 min. The reaction was quenched with excess glycine. Reaction products were analysed by western blot. Plasma membranes enriched with gap-junctional connexons were obtained as described 33 and used in cross-linking experiments as reference material (see Supplementary material online).
Dye permeation experiments
Mitochondria from both Cx32 mutants and Cx43 wild-type mice were pelleted and resuspended at 0.4 mg/mL in isosmotic succinatecontaining K þ buffer (in mmol/L: 150 KCl, 7 NaCl, 2 KH 2 PO 4 , 1 MgCl 2 , 6 MOPS, pH 7.2, 6 succinate, 0.25 ADP, and 0.5 mmol/L of rotenone). After 5 min incubation at 258C, 50 mmol/L of the Cx43 hemichannel-permeant dye Lucifer Yellow (LY CH dilithium salt, L0259, Sigma) and 25 mg/mL of hemichannel-impermeant dye Rhodamine B isothicyanate-dextran 10S (RITC-dextran, R888, Sigma) were added simultaneously and allowed to permeate for 25 min.
Mitochondria were subsequently washed and resuspended in the same substrate-containing K þ buffer. Fluorescence for LY was read at 535 nm and for RITC-dextran at 600 nm using a 96-microplate fluorometer (SpectraMax GeminiXS, Molecular Devices). Replicates were done in the presence of two chemically unrelated hemichannel blockers (1 mmol/L carbenoxolone, C4790, Sigma, and 10 mmol/L 1-heptanol, H6127, Sigma). Hemichannel blockers were added immediately before the addition of LY and remained present throughout the experiment.
Mitochondrial K 1 permeability in isolated cardiomyocytes
Freshly isolated mouse cardiomyocytes were obtained from Cx43KI32 homozygous mutants and Cx43 wild-type mice by collagenase perfusion as previously described 17 and plated on lamininprecoated glass bottom culture dishes. Cells were loaded for 150 min at 378C with 10 mmol/L of the acetoxymethyl ester of PBFI (K þ -binding benzofuran isophtalate, Molecular Probes, Eugene, OR, USA), permeabilized with digitonin (100 mmol/L for 1 min) and subsequently incubated for 20 min in a K þ free buffer containing 50 mmol/L of tetraethylammonium (TEA þ ). 34 This incubation allows depletion of K þ from the mitochondrial matrix due to its substitution with TEA, as previously described. 35 Changes in mitochondrial K þ concentration were monitored in a K þ free buffer both in the absence and in the presence of 2 mmol/L ATP after addition of two consecutive KCl pulses of 20 mmol/L each on the stage of an inverted microscope (Olympus IX70) by an alternate excitation at 340/380 nm using a ratio-fluorescence imaging system. Because removal of ATP may have other effects independent of opening of mitochondrial K ATP channels, the contribution of mitochondrial K ATP channels was analysed in a subset of experiments by the addition of 200 mmol/L of diazoxide in the presence of ATP immediately before K þ pulses. To investigate the potential contribution of a low conductance mode of mitochondrial permeability transition on K þ influx, 1 mmol/L cyclosporine (CsA) was added before K þ pulses in other subset of experiments. In a different group of myocytes, 10 mmol/L of the hemichannel blocker 18a-glycyrrhetinic acid (18aGA) was added for 2 min before the addition of K þ pulses. The rate of K þ influx was determined as the increase in the PBFI fluorescence ratio per second during the initial 15 s of the KCl pulse in the different groups of treatment. Maximal K þ entry velocity into mitochondrial matrix was established with 0.045 mmol/L valinomycin in the presence of 40 mmol/L of KCl (see Supplementary material online).
Mitochondrial membrane potential (DCm)
Freshly isolated cardiomyocytes from Cx43KI32 homozygous mutants and Cx43 wild-type mice were loaded for 10 min at 378C with 10 mmol/L JC-1 (Molecular Probes). Cells were excited at 488 nm using an Ar/Kr laser confocal system (Yokogawa CSU10, Nipkow spinning disk), set on an Olympus IÂ70 (VoxCell Scan, Visitech, UK) at Â60, and the green and red emission fluorescence was detected at 520 nm and 590 nm, respectively, using two digital CCD cameras (Hamamatsu, Japan). Changes in JC-1 ratio-fluorescence were calculated using a commercially available software (VoxCell Scan) in baseline conditions and immediately before addition of K þ pulses (in digitonin-permeabilized cells incubated for 20 min in K þ -free TEA þ containing buffer). Changes in DCm were expressed as percentage of JC-1 ratio-fluorescence (590/520 nm) with respect to the maximal ratio-fluorescence decrease obtained after 5 min incubation with 200 mmol/L dinitrophenol (DNP, maximal depolarization).
Mitochondrial oxygen consumption
Mitochondrial respiration was assessed at 258C using a Clark-type microelectrode. Maximal O 2 consumption was obtained by the addition of 250 mmol/L ADP using 6 mmol/L succinate and 0.5 mmol/L rotenone. Respiratory control rate was calculated as the ratio between ADP-stimulated O 2 consumption and the consumption of O 2 in the absence of ADP (see Supplementary material online).
Statistical analysis
Statistical analysis was performed with SPSS for windows v. 11.0.0. Comparisons between treated and control samples were performed after assessing normal distribution by unpaired Student's t-test. In case of non-normal distribution, the Mann-Whitney U test was used. Comparisons between various groups were performed by one-way ANOVA after assessing normal distribution. Comparisons between curves could not be performed by MANOVA for repeated measures due to non-normal distribution. Comparisons were performed by nonparametric Mann-Whitney U test. A value of P , 0.05 was considered statistically significant. Data are presented as mean + SEM.
Results
Genetic modification of mitochondrial Cx43 content
Western blot analysis of liver mitochondria in wild-type animals demonstrated the presence of Cx32, while its absence in liver mitochondria from Cx32 knockout mice confirmed the specificity of the anti-Cx32 antibody ( Figure 1A) . Western blot analysis of heart mitochondria from heterozygous Cx43KI32 mice demonstrated the presence of Cx32 in these animals ( Figure 1B) .
Using HPLC chromatography in tandem with linear ion trap mass spectrometry in mitochondria, the fragments allowed the confirmation of all amino acids in the prototypic Cx43 peptide sequence in mitochondria from the wild-type genotype (Figure 2) , but Cx32 could not be detected in mitochondrial membranes from homozygous Cx43KI32 animals ( Figure 3) . The peptide sequences used for the identification of both connexins were located in the transmembrane domain (Cx43) and in the cytoplasmic domain (Cx32). The amount of Cx32 in mitochondrial preparations was, thus, below the sensitivity threshold of the HPLC-mass spectrometry method used.
Spatial orientation of Cx43 at the IMM
To investigate whether the C-terminus domain of mitochondrial Cx43 is directed towards the mitochondrial matrix or towards the intermembrane space, partial or total mitochondrial membrane permeabilization with digitonin or TritonX-100 was used, followed by selective immunolabelling against the C-terminus of Cx43 and respiratory complex II. Permeabilization of the outer mitochondrial membrane with digitonin resulted in a significant increase in Cx43 fluorescence with respect to untreated mitochondria (99.3 + 4.8 vs. 69.0 + 3.8 a.u., P ¼ 0.001). In contrast, digitonin did not modify immunolabelling against the matrix-faced domain of respiratory complex II by comparison to untreated mitochondria (9.2 + 1.6 vs. 7.5 + 2.6 a.u., P ¼ ns). Permeabilization of both mitochondrial membranes with Triton X-100 resulted in a significant increase of complex II immunolabelling with respect to untreated mitochondria (28.3 + 5.1 vs. 7.5 + 2.6 a.u, P ¼ 0.002), while it did not significantly increase Cx43 immunolabelling (121.3 + 10.4 vs. 99.3 + 4.8 a.u., P ¼ ns) (Figure 4) . These results support the fact that the Cterminus domain of mitochondrial Cx43 is located at the intermembrane space.
Polymerization of Cx43 in mitochondrial membranes
An in situ cross-linking approach was used to detect the presence of Cx43 polymers in purified rat mitochondrial Figure 3 Evidence that Cx32 is present in mitochondrial membranes from mouse liver but it is not detected in mitochondrial membranes from hearts of homozygous Cx43KI32 mutants. Protein extracts from liver (A-E) and cardiac mitochondria (F-J ) were subjected to SDS-PAGE separation and the region around 25 kDa was cut and trypsin-digested. The resulting peptides from each of the two samples were analysed by mass spectrometry using the same strategy as in Figure 2 , employing a combination of scanning modes that allow a highly specific identification of two Cx32 peptides. The upper panels (A and F ) showing the base peak chromatograms obtained from the analysis of the peptide mixture, and panels (B G) showing the chromatogram trace of a specific fragment from peptide DFLAGGVAAAISK from the mitochondrial protein ADP/ATP translocase 2, are internal controls that demonstrate that peptide concentration and ionization conditions were similar in both experiments. Cx32 was unambiguously identified by monitoring the fragmentation of two precursor ions at m/z 576.9 and 793.9, which correspond to the triple-charged ion of peptide LEGDHGDPLHLEEVKR, and to the double-charged ion of peptide LLSEQDGSLKDILR, respectively. Evidence of presence of the first peptide in the liver preparation is shown by the chromatogram traces of fragment at m/z 561.0 (C ), and of subfragment 456.0 derived from the former (E), by the coincidence in retention time of these fragments (compare C and E) and by the MS 3 spectrum derived from fragment at m/z 561.0 (K ). The presence of the second peptide in the same preparation is evidenced by the trace of a specific fragment at m/z 901.6 (D) and the MS/MS spectrum in (L). In clear contrast, no traces of these peptides could be detected in the cardiac preparation (H-J ).
membrane preparations. Exposure of mitochondrial membrane preparations to the cross-linker agent DMS for 5 min resulted in a substantial reduction in the density of the Cx43 monomer and the appearance of bands with molecular weights corresponding to Cx43 polymers, including dimers and hexamers ( Figure 5 ). The purity of the mitochondrial preparations was confirmed by the absence of reactivity against Na þ /K þ -ATPase ( Figure 5) . A similar pattern of cross-linking products was observed in gap junction-enriched membrane fractions (used as positive controls for the presence of Cx43 hexamers) exposed to the same cross-linking protocol ( Figure 5 ). These results suggest that Cx43 may form hexameric hemichannels in mitochondrial membranes.
Mitochondrial uptake of LY
Analysis of fluorescence in mitochondria from wild-type mice exposed to 50 mmol/L LY demonstrated a fluorescent signal, indicative of LY uptake. In contrast, LY uptake was significantly reduced in mitochondria not containing Cx43 (homozygous Cx32) ( Figure 6 ). However, there were no differences in the fluorescence signal obtained after the incubation with the hemichannel-impermeant RITC-dextran ( Figure 6 ). The reduction in LY uptake in mitochondria not containing Cx43 was not due to mitochondrial uncoupling, because the respiratory control rate using succinate as substrate was similar in both groups of mitochondria (2.9 + 0.1 in mitochondria from wild-type mice vs. 2.4 + 0.1 in mitochondria from Cx32 mutants, respectively, P ¼ ns). Furthermore, LY fluorescence was markedly reduced in response to hemichannel blockers in mitochondria from wild-type animals, but not in homozygous mutants ( Figure 6 ).
DCm in digitonin-permeabilized myocytes
Sarcolemmal permeabilization with digitonin and 20 min incubation in K þ free buffer contaning 50 mmol/L TEA þ induced a significant reduction in DCm with respect to baseline conditions in myocytes from both wild-type mice and homozygous Cx43KI32 mutants. JC-1 ratio-fluorescence decreased to 33 + 1.3 and 31 + 0.6%, respectively (P ¼ ns), with respect to the maximal depolarization induced with the uncoupler DNP.
Effect of Cx43 on mitochondrial K 1 uptake
Addition of two consecutive pulses of 20 mmol/L KCl in the presence of ATP to permeabilized mouse cardiomyocytes resulted in a rapid and significant increase in the K þ -sensitive fluorochrome PBFI signal, reflecting an increase in the mitochondrial K þ concentration. This response was significantly attenuated during the first seconds in cardiomyocytes lacking Cx43 ( Figure 7A ). When KCl pulses were performed in the absence of ATP, there was a more pronounced increase in the PBFI signal in mitochondria from wild-type myocytes, whereas in mitochondria from Cx32 homozygous myocytes the increase in the PBFI signal was similar to that observed in the presence of ATP ( Figure 7B) . The initial rate of K þ influx was also higher in mitochondria from wild-type myocytes than in mitochondria from homozygous mutants, both in the presence and in the absence of ATP ( Figure 7C) . Addition of diazoxide during KCl pulses had an effect on the rate of K þ influx similar to that induced by the absence of ATP. CsA did not significantly reduce the rate of mitochondrial K þ uptake in any genotype. However, the presence of the hemichannel blocker 18aGA during KCl pulses significantly reduced mitochondrial K þ uptake in wild-type cardiomyocytes but did not have an effect on cardiomyocytes lacking Cx43 ( Figure 7D and E).
Discussion
The present study confirms the presence of Cx43 in mitochondrial membranes of cardiomyocytes by antibodyindependent methods, its C-terminus being directed towards the intermembrane space. Mitochondrial Cx43 contributes to mitochondrial K þ influx, potentially by forming hemichannel-like structures or modulating existing ion transporters. Since K þ influx across mitochondrial membranes constitutes a key element in the regulation of several mitochondrial functions, Cx43 may have a decisive role in mitochondrial pathophysiology.
Cx43 oligomerization and orientation
Different studies have provided evidence for unopposed Cx43 hemichannels in plasma cell membranes where they have been proposed to play physiological and pathophysiological roles through release of important metabolites, 4, 5 regulation of cell volume, 5, 36 and participation in signalling transduction cascades through direct interaction with protein kinases and other molecules. [5] [6] [7] Cross-linking studies have been previously used to demonstrate the presence of Cx43 hemichannels in cell membranes. 33 In our study, addition of a cross-linker agent previously shown to stabilize Cx43 hemichannels resulted in cross-linking products expected if Cx43 hemichannels were present in those membranes, 33 i.e. with electrophoretic mobilities corresponding to those described for Cx43 polymers (dimers and hexamers). The cross-linker was added to intact mitochondrial preparations and the protocol used ensured fixation of covalent bonds already present in mitochondrial membranes. Although this method does not allow to rule out the cross-linking of Cx43 with other molecules having by chance equal molecular weights, the results obtained are consistent with the presence of Cx43 hemichannels in mitochondrial membrane preparations.
An experimental approach based on outer or IMM permeabilization with digitonin and Triton X-100, respectively, suggests that the C-terminus of Cx43 is directed towards the intermembrane space. While phosphorylation of certain epitopes in the C-terminus of Cx43 can modulate Cx43-hemichannel open probability (e.g. Ser368), its open probability is also affected by epitopes located in the transmembrane region (e.g. calcium-calmodulin-dependent regulation).
The presence of Cx43 hemichannels at the IMM may appear aberrant because these large conductance channels could dissipate mitochondrial membrane potential and ATP synthesis. In fact, this problem was also raised when the presence of Cx43 hemichannels was first described in the plasma membrane of different cell types, 37 where a large population of Cx43 hemichannels in their full open state would cause a loss of the barrier function resulting in cell death. As in the case of the plasma membrane, the open probability of Cx43 hemichannels at the IMM is expected to be very low, and the hemichannels would remain closed or in a low conductance substate under steady state conditions. 37 Indeed, transmembrane potential, phosphorylation status, intracellular pH, and isosmolality predict a closed state of Cx43 hemichannels. 37 However, genetic replacement of Cx43 by Cx32 suggests that either the proposed Cx43-mediated hemichannel displays a certain open probability (which could be increased by the experimental preparation or setup) or Cx43 modifies the open probability of another ion channel. Clearly, proteins or protein structures which uncouple mitochondria have already been described before.
Dye uptake and K 1 flux
In the present study we used a Cx43KI32 animal model in which, in its homozygous mutant form, Cx43 is absent and replaced by Cx32. 28 In contrast to Cx43 knockout mice, these animals are viable and can grow in an apparently healthy state. 28 Cx43 and Cx32 hemichannels have clearly different biophysical properties with a larger maximal conductance of Cx43 vs. Cx32, a much lower conductivity for K þ of Cx32, 38 and a different voltage dependence. 39 These differences predict that replacement of Cx43 by Cx32 in mitochondrial membranes results in a reduction in K þ permeability. As predicted, the absence of Cx43 had a clear inhibitory effect on mitochondrial K þ influx in the presence of ATP. Also, the inhibitory effect of the hemichannel blocker on mitochondrial K þ influx was not observed in mitochondria lacking Cx43. The influence of Cx43 on mitochondrial K þ uptake in permeabilized myocytes was observed in the presence of ATP-and was thus not attributable to differences in K þ influx through mitochondrial K ATP, and in the absence of significant differences in DCm-suggesting that it reflected differences in membrane permeability to K þ . Interestingly, when experiments were repeated in the absence of ATP, K þ influx increased in wild-type mitochondria, consistent with the entry of additional K þ through mitochondrial K ATP channels, and diazoxide (in the presence of ATP) had a similar effect. However, the absence of ATP did not enhance K þ influx in mitochondria lacking Cx43. While a different response of Cx43-deficient mitochondria to conditions favouring opening of mitochondrial K ATP channels is consistent with previous observations, showing an attenuated reactive oxygen species production in response to diazoxide in Cx43-deficient cells, 20 the exact mechanism responsible for this observation cannot be elucidated by the present study. A possibility is that Cx43 modulates K ATP channels, but it cannot be excluded that part of mitochondrial K þ influx attributed to these channels is in fact mediated through Cx43 hemichannels, since these have been described to be opened by the absence of ATP. On the other hand, addition of CsA did not reduce mitochondrial K þ influx, suggesting that a low conductance mode of mitochondrial permeability transition does not significantly contribute to it. K þ influx is driven by mitochondrial membrane potential, and in the steady state matches K þ efflux through K þ /H þ exchange driven by the transmembrane H þ gradient. 40 The biophysical properties of K ATP and K Ca channels, and of the K þ /H þ exchanger have been extensively investigated, 40 but the existence and importance of other routes for K þ fluxes have not been clarified. 41 In agreement with the potential role of Cx43 hemichannels on mitochondrial K þ permeability, the absence of mitochondrial Cx43 also resulted in a significantly lower LY permeability. LY uptake experiments have been widely used to demonstrate the presence of Cx43 hemichannels. 42 In the case of mitochondria, LY uptake could have also occurred through the mitochondrial permeability transition pore, but this possibility appears very unlikely in our study because mitochondria exhibited normal respiration rates on succinate. The interpretation that LY entered mitochondria through Cx43 hemichannels is supported by the observation that it could be inhibited by two chemically unrelated hemichannel blockers.
Conclusion
The results of the present study are consistent with the hypothesis that in cardiomyocytes mitochondrial Cx43 contributes to mitochondrial K þ flux, potentially by forming hemichannel-like structures, with a very low open probability under normal conditions, or modulating ion transporters existing at the IMM.
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